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ERLANGEN,

Flamelet-ldee:
o (Gefaltete laminar-ahnliche Flamme
« Flamme beschrieben durch mittleren Reaktionsfortschritt C
C = Wabhrscheinlichkeit, verbranntes Gas zu finden
» 1 Transportgleichung fur mittleren Reaktionsfortschritt (statt N Speziesgleich.)
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Turbulent Flame Speed Closure (TFC) Modell

Ansatz: (Zimont, Lipatnikov, 1995)

W, = pu€I0>

)
\

Ort der Reaktionszone

Turbulente (statistisch gemittelt)

Brenngeschwindigkeit

/
S; = f(Re,,u’,s,...)

Turbulenzeinfluss modelliert
mit algebraischer Beziehung

LOsung als Subroutine mit Standard-CFD-Programm (Fluent) . 1aq 2007 (3)
ammentag



Mittlere Temperatur
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m =18 kg/h
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Test Data Series (Kobayashi)

Bunsen Flame, Premixed

p  =1-10 (30) bar Methane/Air @ =0.9
D =20mm Ethylene/Air @ =0.5,0.7,0.9
U =2  46m/s Propane/Air D =0.9

Re =2500... 50 000

u', |, measured (centre of inlet) Data of 101 different flames

s;/U=sin (6/2)
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Test Data Series (Kobayashi)

fills broad range in Borghi-Peters Regime diagram

Kobayas hi data

Data of 101 different flames Methane/A?r @ =0.9
p =1-10bar Ethylene/Air D =0.5,0.7,0.9
Propane/Air @ =0.9 Flammentag 2007 ()



Modellierung des Druckeinflusses

ERLANGEN,

Rechnung

Flammenwinkel
s;/U=sin (8/2)
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Calculation with different models

Calculated Flame Angle vs. measured Flame Angle
(each dimensionless)
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Modelling of Pressure Influence

ERLANGEN,

Methane:Air 1- 10 bar

Methan-Luft, 1 - 10 bar, 17 Flammen
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Muppala et al., Comb. Flame 140, 257 (2005)
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T :1+0.46-Ret0'25-(u j [Lj
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Ethylen-Luft, 1 - 10 bar, 64 Flammen
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Propan-Luft, 1 -5 bar, 20 Flammen
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Modelling of Pressure Influence

ERLANGEN,

srsL - Calculated
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Lewis Number Thv

SIEGEN

thermal diffusivity

Le=g=
D

mass diffusivity (fuel)

Why such a big influence of the Lewis number ?

Molecular diffusion.

Known for laminar flame instability - but why for highly turbulent
combustion ?
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Lewis Number ThV

SIEGEN

thermal diffusivity

[_e:g
D

mass diffusivity (fuel)

Laminar plane flame

Q

unburned burned

-y

Dinkelacker et al., Dt. Flammentag (2007) Flammentag 2007 (12)



Lewis Number ThV

SIEGEN
Turbulent flame
_a Example
Le=— Le>1
(Propan)
enhanced
Laminar plane flame reactivity
|
: burned
| a unburned
= reduced ¢ u __~
D

unburned

burned reactivity

Dinkelacker et al., Dt. Flammentag (2007) N Flammentag 2007 (13)



Lewis Number ZQQN/

Turbulent flame

Is there Le-influence on
"*average" reaction rate ???

e Highly turb. flames: enhanced

pos. and neg. curvature is reactivity
equally distributed !
e So In first order no 5 q

Le-influence expected ! urne

reduced *y

reactivity

~ ~

= . Flammentag 2007 (14)
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ThV

SIEGEN

Leading Edge Concept (zel'dovich, Lipatnikov, Chomiak)

Leading Edge (positive curved
part) dominates the flame
propagation

(= mean reaction rate)

enhanced

reactivity
Here fuel diffusion and thermal

diffusion eventually unbalanced

Rear part is "only" follow up

reduced <_y

reactivity

Le > 1 (Propane): A
less reactive as V1
Le =1 (Methane) ~

Dinkelacker et al., Dt. Flammentag (2007) N Flammentag 2007 (15)



Modellierung des Druckeinflusses

srsL - Calculated
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ThV

SIEGEN

Berechnung turbulenter Vormischflammen

= Reaktionsfortschritts-Modell mit Druck- und Brennstoffeinfluss
= Exkurs Lewis Number

= Methane/Hydrogen Flames

= Effective Lewis Number

= Zusammenfassung
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Hochdruck-Bunsenflammen Orleans

ThV

SIEGEN

F. Halter, C. Chauveau, |. Gokalp (Univ. Orléans)

Bunsenflamme D = 25 mm
H,-Pilotierung
Turbulenzgitter

Brennkammer 600 mm hoch, D = 300

Druck 1, 5, 9 bar

Methane/Hydrogen - Luft
Mager vorgemischt @= 0,6
U=2.1m/s

u'=0,15m/s

Y

W

N

NN

7/

7
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Hochdruck-Bunsenflammen Orleans Z:g;;,{

D =25 mm, Mager vorgemischt @= 0,6
U=21m/s, u=0,15m/s

0.1IMPa 0.5MPa 09MPa a=0 a=0.1 a=0.2
Pressure Variation Hydrogen Addition

C. Cohé, F. Halter, C. Chauveau, |. Gokalp (31. Symp.)
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Hochdruck-Bunsenflammen Orleans

ThvV

SIEGEN

Table 1: Experimental inflow conditions (U = 2.1 m/s, @ = 0.6)

p u' (m/s) [ v (m/s) | I, (mm) | s (m/s) u'ls,
% H, (MPa)

0 0.1 0.15 0.12 6.69 0.112 1.36
10 0.1 0.15 0.14 4.30 0.121 1.26
20 0.1 0.16 0.14 3.51 0.132 1.20
0 0.5 0.18 0.14 7.37 0.041 4.36
10 0.5 0.18 0.14 6.97 0.044 4.07
20 0.5 0.19 0.17 6.84 0.048 3.92
0 0.9 0.16 0.11 5.77 0.029 5.32
10 0.9 0.15 0.12 5.45 0.031 4.92
20 0.9 0.16 0.14 5.66 0.033 4.85
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Hochdruck-Bunsenflammen Orleans

ThvV

SIEGEN
Einfluss Wasserstoff-Zufigung
Blau: Experiment (Orléans)
x=0 a=0.1 =02 /
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Modell-Ansatz

Modell-Ansatz valied also for Methane/Hydrogen
Flames 7?7?77

N0.3 0.2
A_T=1_|_ 0.46 .Reto'25. o . L
AL Le S_ Po

\

But: Which Lewis Number for

Methane/Hydrogen-Air Flames
27?7
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ThV

Effective Lewis Number following Law SIEGEN

Model A: Effective Lewis Number following Law et al. (2005):
(with g-weighted average)

q(Le*-1)=q,(Le;-1) +q,(Le,-1) (with q = heat release)

Lewis Number
Le,, =0.29
Lecy, = 0.955

gives
Le* =0.955 at 0% H2
Le* =0.935 at 10 % H2
Le* =0.918 at 20 % H2
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ThV

Hochdruck-Bunsenflammen Orleans SIEGEN
Blue: Green: Model A:
Experiment Effective Lewis Number foll. Law et al.
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Methane/Hydrogen Flame ZZZ;,{

Effective Lewis Number Le*
following Dinkelacker:

Le*= a/D*

" " * = Xy Dy ¥ Xops Depg
le*=a/D

accumulation

of hydrogen

burned

- Dinkelacker et al., Dt. Flammentag (2007)
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Effective Lewis Number following Dinkelacker ZZZ;,{

Model C: Effective Lewis Number from effective diffusivity D*
(Dinkelacker 2007):

Le*= a/D* _ -
mit o = thermal diffusivity

* — X = mole fraction
D™ =X, Dy, + Xcpy Doy
1 _D* _ XcnaDena +XH2DH2 = XcHa | Xu2

q
*
Le a a a Le.,, Ley,

Lewis Number

Le,, =0.29
Lecy, =0.95
gives
Le* =0.95 at 0% H2
Le* =0.77 at 10 % H2

Le* =0.65 at 20 % H2
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Hochdruck-Bunsenflammen Orleans

ThV
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Modell A:

Effective Lewis Number nach Law et al.

Experiment Modell C:
Effective Lewis Number mittels
Effectiver Diffusivitat D*
106 P = 1bar \ 100 \ P =5bar / 100 P = 9bar
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ThV

Methane/Hydrogen Flame SIEGEN
20
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Summary

ThvV

SIEGEN

Numerical calculation of turbulent premixed flames

= Modelling of mean reaction term
(TFC Model, good for 1 bar)

= Calculation of Pressure- + Fuel Influence

(Muppala-Dinkelacker Model)

= Le-Influence may be explained
with Leading Edge Concept

i :1+%.Ret
A Le

) &)

0.25 [U_
S|

for lean Methane, Ethylene,
Propane-Flames 1 - 10 bar (30 bar)

= Calculation of H,-CH, / air flames (1 - 9 bar)

= Effective Lewis Number based on
Effective Diffusivity of
Fuel Mixture

not for more than
20% hydrogen

Le* =a/D*
D* =X, Dy, + X

CH4

D

CH4
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PSI Burner (Griebel, et al.) ThVY
5 bar, @ = 0.5, Methane/Hydrogen - Air

SIEGEN
casing liner (gquartz glass tube) high pressure
\ ’“/ air cooled windln-ws
% f o
{220 mm
airiCH,
mixture
T — — ",T —
| A
d = 25 mm
o
T R i 11
_x = i
turbulence grid ICCD camera gas probe location insulation
High-pressure combustor (PSI)
(30)




PSI Burner (Griebel, et al.)
Methane/Hydrogen - Air, 5 bar, @=0.5

ThvV

SIEGEN

Turbulent Flame Speed (m/s)

® Exp
= Model_A

r A Model_C

10 20 30
Hydrogen content (vol%) p=5bar.¢=0.5
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